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Skeletal muscle function, which is essential in the human body, can be lost due to injury, trauma, or diseases such as muscular dystrophy, prompting the need for in vitro models of human skeletal muscle tissue. In vitro tissue models are indispensable in performing quantitative studies of injury and disease progression as well as in providing sources of tissue for potential regenerative medicine therapies. An ideal bioengineered model of skeletal muscle should promote myoblast (muscle cell precursor) alignment as well as subsequent myoblast fusion into mature, multinucleated muscle cells known as myotubes. Accordingly, we report the development of an engineered protein biomaterial that promotes the alignment and fusion of primary human myoblasts into organized and differentiated myotubes. Furthermore, these aligned human myotubes exhibit markers of functional maturation including organization of sarcomeres (the force-generating apparatus within muscle) and induced contractility upon electrical stimulation.
To achieve this goal, we utilize a protein-engineered biomaterial to investigate the roles of biomaterial surface topography and cell-adhesion ligand density in promoting human muscle cell fusion ex vivo . These two material properties are selected due to previous reports that they infl uence the morphology and differentiation of murine myogenic cells, including primary mouse myoblasts and the transformed C2C12 cell line. [ 1 -8 ] Mouse-derived cells are used in the vast majority of in vitro muscle studies and have contributed greatly to our knowledge of muscle cell biology. However, few studies to date have used human muscle biopsies to isolate primary myoblasts, [ 9 -14 ] which are the most clinically relevant cell type, and a systematic analysis of biomaterial design criteria is lacking for human myoblasts. Here, we characterize the interactions of human primary myoblasts with a family of engineered biomaterials, and, for comparison, include the standard mousederived C2C12 cell line. While our results clearly demonstrate that human myoblasts, similar to C2C12 cells, are sensitive to surface topography and cell-adhesion ligand density, we also identify behavioral discrepancies indicating that C2C12 cells do not faithfully recapitulate the human myoblast response to biomaterial cues.
Our protein-engineered biomaterial enables precise manipulation of several scaffold properties, thus combining the cytocompatibility of naturally-derived materials with the tunability of synthetically-designed materials. [ 15 , 16 ] These protein biomaterials are compatible with soft lithography microfabrication techniques, allowing production of reproducible topographical surface features on cell-relevant length scales ( Figure S1 of the Supporting Information (SI)). In addition, the concentration of cell-adhesion ligands within these biomaterials can be exactly specifi ed without altering the surface topography or the mechanical properties. [ 15 , 17 ] Fibronectin is an essential component of the basement membrane of muscle fi bers in vivo. [ 18 ] Therefore, a fi bronectin-derived amino acid sequence that includes the cell-adhesive RGD peptide is directly incorporated into the engineered protein backbone ( Figure S1 of the SI). Four repeats of this fi bronectin sequence are interspersed with an elastin-like sequence that confers mechanical resilience to the scaffold, as required for contractile muscle tissue mimics.
tested and stain positively for myogenin, a muscle cell marker ( Figure 1 , Figure S2 of the SI). Groove heights are designed to be ∼ 5 μ m; therefore, the side walls of the grooves do not physically restrict the cells (height ∼ 10 μ m), as clearly evident by myoblasts spreading across the boundaries between groove ridges and valleys ( Figure 1 ) . As a consequence, observed cell alignment is a result of topographical cues and not due to restriction of cell spreading. Qualitative analysis of cellular morphology suggests that myoblasts achieve greater alignment on smaller groove spacings ( To further elucidate cellular responses, a rigorous quantitative analysis of single cell characteristics is performed. In particular, the cell alignment, spread surface area, and aspect ratio (i.e., elongation) are quantifi ed for human myoblasts and C2C12 cells for each biomaterial condition (n > 900). To isolate the impact of groove spacing on myoblast morphology, we maintain a constant surface density of RGD cell-adhesion ligands at 965000 ligands/ μ m 2 , which is the highest density possible for our system. Myoblast alignment is hypothesized to be an important promoter of fusion into myotubes. [ 19 ] Previous studies have reported that both C2C12 cells and mouse primary myoblasts exhibit greater alignment on substrates with smaller groove spacing. [ 1-4 , 7 ] Consistent with these results, we fi nd that increasing the frequency of topographical cues (i.e., smaller groove spacing) promotes human primary myoblast alignment to the underlying substrate (quantifi ed as depicted in Figure 1 B, right panel). On wider groove spacings, human primary myoblasts exhibit an increased deviation Micropattern topography is visualized by phase contrast microscopy (top) and as dashed white lines on fl uorescent micrographs (bottom). Myoblasts are stained for myogenin (muscle cell marker, red) and counter-stained with DAPI (nuclear marker, blue). B) Representative quantifi cation of cell morphology. Area within the perimeter is the total spread area (left). Each perimeter is computationally approximated by a best-fi t ellipse with major (X) and minor (Y) axes to quantify the aspect ratio (X/Y, center). The angle between the cell major axis (X) and the micropattern determines cell alignment (right).
wileyonlinelibrary.com 787 COMMUNICATION www.advhealthmat.de from substrate angle ( Figure 2 A, left) . As expected, the mousederived C2C12 cells exhibit the same response (Figure 2 B, left) . Cellular alignment requires cytoskeletal remodeling into an elongated morphology. The cell aspect ratio is defi ned as the ratio between the major and minor axes of the best-fi t ellipse for the cell perimeter (Figure 1 B, middle) . As expected from our alignment data, we also fi nd that human primary myoblast elongation increases with an increase in topographical cues (Figure 2 A, right) . Similarly, C2C12 elongation also increases with decreased groove spacing (Figure 2 B, right), as expected from literature. [ 7 ] Therefore, with regard to alignment and elongation, C2C12 cells appear to be good predictors of human myoblast behavior.
While C2C12 cells can accurately predict primary human myoblast alignment and elongation behavior in response to topographical cues, discrepancies arise upon investigation of another parameter of cell morphology: cell spreading area. Wider groove spacings result in increased spreading of human myoblasts (Figure 2 A, middle), but decreased spreading of C2C12 cells (Figure 2 B, middle) . It is also noteworthy that in general, C2C12 cells are more spread than human myoblasts; C2C12 cells exhibit spread areas up to 12000 μ m 2 , while the largest area for human primary myoblasts is 7000 μ m 2 . This highlights intrinsic differences between the immortalized, mouse-derived C2C12 cells and the primary myoblasts isolated from fresh human tissue. We hypothesized that human myoblast spread cell area, which is not wellmodeled by the C2C12 line, may be a potent indicator of differentiation potential, because the larger the spread cell area is, the more cell-adhesive RGD ligands the cell is able to access. This ligand is recognized by multiple integrins including several containing the β 1 integrin sub-unit, [ 20 ] which is required for myoblast fusion into myotubes. [ 21 ] In order to further elucidate the impact of cell-adhesion ligand density on myoblast behavior, we systematically vary the density of the RGD ligand from 96500 to 965000 ligands/ μ m 2 (i.e., 16-160 pmol/cm 2 ) while keeping the groove spacing constant at 20 μ m, thus providing the greatest number of topographical cues to the cells ( Figure S1 and Supplemental Methods in the SI). RGD ligand density is specifi ed by mixing the celladhesive, engineered protein with a second engineered protein that is otherwise identical except for the substitution of a scrambled amino acid sequence (RDG) that cannot be recognized by cell-surface integrin receptors. [ 15 ] Because the total protein weight percent and the amino acid content are kept constant across all biomaterials, the swelling ratio, hydrogel mesh size, and mechanical properties of the biomaterials remain unaffected, and the cell-adhesion ligand density is the only biomaterial parameter altered. [ 15 ] As RGD density increases, human myoblast cell area correspondingly increases (Figure 2 C, middle) , whereas C2C12 cell spreading is largely unaffected ( Figure S2 of the SI), demonstrating that primary human myoblasts display greater sensitivity to RGD density than the model mouse cell-line. Similar results are obtained when cell alignment is assessed; human myoblasts exhibit signifi cantly greater alignment on substrates with higher RGD density (Figure 2 C, left) , while C2C12 cells display only slight improvement (Figure 2 D, left) . Interestingly, while C2C12 cell aspect ratio is unresponsive to RGD density (Figure 2 D, right) , for human myoblasts, a bimodal distribution is observed, with maximum elongation at an intermediate RGD density (482500 ligands/ μ m 2 ). At higher RGD density (965000 ligands/ μ m 2 ), the increase in cell width is greater than the increase in cell length, resulting in a highly spread cell (Figure 2 C, right) . Previous work has demonstrated that C2C12 cells respond to changes in RGD density at lower concentrations ( ∼ 1-10 fmol/cm 2 range), [ 5 ] suggesting that the number of ligands present in our fi bronectin-elastin-like substrates may saturate all available C2C12 receptors even at the lowest densities tested ( ∼ 16 pmol/cm 2 ). Taken together, our results demonstrate that C2C12 cells are not accurate predictors of primary human myoblast responses to topographical cues or RGD ligand density. Therefore, human primary myoblasts were studied independently in further experiments to determine the role of engineered matrices in controlling in vitro myotube differentiation. Matrices with three representative groove spacings: small (20 μ m), medium (50 μ m), and large (200 μ m), were fabricated with a cell-adhesion ligand density that initiated maximal myoblast spreading and alignment (965000 RGD ligands/ μ m 2 ). Differentiation of human myoblasts into extended, multinucleated myotubes ranging hundreds of microns in length is observed on all three matrix designs after 10 days of culture in differentiation medium (lowglucose, serum-free) ( Figure 3 A) . Myotubes on matrices with higher frequencies of topographical cues exhibit greater alignment to the substrate (Figure 3 B, top left) . Interestingly, alignment with matrix topography is signifi cantly increased at the myotube stage compared to the myoblast stage for all groove spacings. For example, even on the largest groove spacings (200 μ m), myotube deviation from the substrate pattern has a median angle of only 7 ° (Figure 3 B, top left) , while myoblast deviation is greater than 25 ° (Figure 2 A, left) . This striking difference underscores the need to quantify cellular morphology during both the myoblast and myotube stages. Furthermore, these data suggest that the differentiation process itself facilitates myotube alignment to underlying topographical cues.
Matrix topography is also found to have a signifi cant effect on myotube dimensions. In general, as groove spacing increases, myotube length and width also increases, although a large population heterogeneity is observed (Figure 3 ) . Myotube widths range from 12-50 μ m, while myotube lengths between 75-550 μ m are observed. Consistent with previous C2C12 studies, [ 1 ] we fi nd that wider groove spacings cause an increase in nuclear index (i.e., number of nuclei per myotube), which is considered a marker of myotube maturity. [ 1 ] A median of 4 nuclei per myotube is observed on 20 μ m-grooved substrates, while a median of 6 nuclei per myotube is present on wider grooves. Similarly, the percentage of more highly nucleated myotubes ( > 10 nuclei) is 2%, 13%, and 11% on substrates with 20, 50, and 200 μ m-spaced grooves, respectively. These data demonstrate that myotube morphology can be directly altered by controlling biomaterial topography.
From these results, it appears that myoblast cell area, which is the highest on the 200 μ m grooves, is the most potent predictor of differentiation potential. Substrates with the fewest topographical cues result in both the highest degree of cell spreading and the longest and widest multinucleated myotubes. In contrast, increases in myoblast elongation and alignment, which occurred on smaller groove spacings, do not correlate with extended myotube formation. Towards the larger goal of creating an ex vivo mimic of human skeletal tissue, we also test for markers of myotube maturity that are required to recapitulate in vivo functionality such as contractility. We fi rst stain for α -actinin, which is a marker of sarcomeric assembly. Sarcomeres are organized in a repeating fashion within contractile muscle fi bers and consist of force-generating proteins. Sarcomere organization is evident in myotubes differentiated on all three matrix designs (Figure 3 A, right panel) . To demonstrate functional activity of the sarcomeres, myotubes are paced using external electrodes (10 volts, 1 Hz), resulting in isolated myotube contractions (Video S1 of the SI). To the best of our knowledge, this is the fi rst published report of externally paced human contractile myotubes cultured ex vivo .
In conclusion, we have successfully differentiated primary myoblasts isolated from human biopsies into contractile myotubes on a novel biomaterial. The spread area of individual myoblasts was identifi ed as a predictor of myotube differentiation, and we demonstrated control over human myotube architecture (i.e., length, width, and nuclear index) through engineering of biomaterial substrate cues. Importantly, we observed that myoblast-matrix interactions were not effectively modeled by immortalized, mouse-derived C2C12 cells. This in vitro human skeletal muscle tissue model will be useful in studies of human myotube differentiation, maturation, and function. For example, a recent study showed that smooth muscle cells (a different muscle type found in vascular tissue that is capable of contracting as single cells) demonstrated increased contractility in response to increased elongation. [ 22 ] Our engineered cell-biomaterial system is well suited for future studies looking at the impact of biomaterial cues on contractility and force generation in the context of skeletal muscle. Further, these results suggest the potential ex vivo development of muscle fi bers tailored for specifi c tissue engineering applications. Because the utilized biomaterial is biodegradable and biocompatible this work provides the foundation for future regenerative medicine applications aimed at replacing aged, injured, or diseased skeletal muscle tissue. Human myotube differentiation on protein-engineered biomaterials. A) Fluorescent micrographs of myotubes stained for muscle myosin heavy chain (MMHC, green, left) or α -actinin, a marker of sarcomeric assembly (green, right) and counter-stained with DAPI nuclear marker (blue). B) Human myotube alignment, nuclear index, length, and width were measured as a function of microtopographical groove spacing. Box-and-whisker plots shown as in Figure 2 ; the nuclear index plot shows each individual myotube as a separate data point with the population median indicated by a red line. 
Experimental Section
Protein crosslinking : Engineered protein (0.1 mg/ μ L in phosphatebuffered saline (PBS) at 4 ° C) was crosslinked with tetrakis(hydroxymethyl)-phosphonium chloride (THPC) between a soft lithographic mold and aminated glass as further detailed in Supplemental Information.
Cell culture : Primary human myoblasts were derived from skeletal muscle biopsies isolated at Stanford University Hospital from patients during routine surgeries according to previously described methods. [ 23 ] C2C12 cells were cultured following supplier protocols. Cells were seeded at 500 cells/mm 2 onto biomaterials and analyzed at 24 h for myoblast experiments and at 10 d for myotube experiments. A myotube was defi ned as any multinucleated structure containing 3 or more nuclei (which distinguishes myoblast cell division from myoblast fusion). Myotubes were electrically paced with an IonOptix Myopacer Cell Stimulator (10 V, 1 Hz).
Cell quantifi cation and statistical analysis : ImageJ analysis of immunostained confocal micrographs were used to quantify cell morphology (n > 900 cells per condition for myoblast stage, n > 100 for myotubes). Statistical signifi cance was determined using the KruskalWallis test with 99.9% confi dence interval.
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